Abstract The operational performance of anaerobic batch reactors treating winery wastewater (WW) combined with waste activated sludge (WAS) in different proportions was investigated under mesophilic conditions. In these experiments it was shown that for anaerobic digestion of WW alone, methane production rate was lower than the rates achieved when WW and WAS were treated together. When WW was mixed with WAS at a concentration of 50% WW resulted in the highest methane production rates. A simplified anaerobic model was used to determine the main kinetic parameters; maximum COD reduction rate (q DA ) and maximum methane generation rate (k max 
Introduction
Agro-industries play a significant role and represent a considerable share of the Spanish economy, mainly in the centre of Spain, such as the region of Castilla-La Mancha. Among other wastes, the main agro-industrial waste generated in Castilla-La Mancha is winery wastewater (WW). In 1994, 1.2 million tons of grapes were produced. In 2004, the production of grapes was trebled, (3.7 million tons), and represented 53% of the national output. During the wine production, large quantities of effluents are generated, mainly as a result of washing, rinsing and sanitising operations (Rodríguez et al., 2007) . In Spain, the overall wastewater production ranges from 0.7 to 3.8 m 3 of wastewater per ton of grapes processed, depending on the process and cleaning technologies used (Fundación Caja Rioja, 2000) . The organic matter contained in winery wastewaters is mainly soluble and easily biodegradable, and for this reason biological treatment processes are the best solution to treat them. At the same time, these wastewaters present high COD content, disproportionate carbon/nitrogen/phosphorus (C/N/P) ratio, high generation rate, seasonal production and expensive management and storage. For this reason, anaerobic biological treatment seems to be a reasonable solution to degrade winery wastewaters (Ruíz et al., 2002; Moletta, 2005) .
Anaerobic digestion is widely used to treat a high range of wastewaters. The characteristics of these wastewaters determine how the anaerobic treatment should be carried out. For example, the suspended microorganism technologies (upflow anaerobic sludge blanket, anaerobic sludge bed, etc) are generally used when the wastewater contains high amounts of suspended solids. In this way, when winery wastewaters present high concentrations of COD and disproportionate C/N/P ratios, anaerobic digestion performance could be increased by mixing with different biowastes, i.e. anaerobic co-digestion, that leads to better conditions for the growth of the microorganisms and can avoid inhibitory effects (Lo and Liao, 1986; Angelidaki et al., 2002) .
Currently, another important problem in Castilla-La Mancha is the high sludge generation from wastewater treatment plants (WWTPs). In 2003, 6,636 tons of waste activated sludge (WAS) were generated (figure from the National Institute of Statistics). In most of the cases, the stabilisation of this organic waste is adopted by WWTPs, being the most used technology for anaerobic digestion. The anaerobic digesters are used to treat the solids swept out by the sewage and the waste activated sludge, but today they are commonly oversized due to the low sludge loadings originated from the wastewater treatment and the removal of primary settlers to improve the biological nutrients removal processes (Bolzonella et al., 2006a) . In order to improve performances of those anaerobic digesters, the co-digestion of WAS together with other organic wastes is a common practice adopted in WWTPs (Bolzonella et al., 2006b) . According to that, the implementation of the anaerobic co-digestion of WW together with WAS generated in WWTPs was considered as a potentially successful treatment.
In the present work, anaerobic digestion of WW and WAS, as well as anaerobic co-digestion of both wastes together were studied in mesophilic batch reactors. The most adequate ratio WW/WAS to achieve the optimum conditions for the anaerobic digestion of both wastes was determined and the kinetic parameters of methane production and COD reduction by means of mass balances were obtained.
Methods

Origin of inoculum and substrates
Digested sludge from the anaerobic digester of the wastewater treatment plant situated in Ciudad Real (Spain) was used as inoculum.
Winery wastewater (WW) from Bodegas Cruz-Vega located at Madridejos (Toledo, Spain) and waste activated sludge (WAS) from the wastewater treatment plant of Ciudad Real (Spain) were used as substrates.
Batch experiments
Batch experiments were performed in 1-1 reactors, with a working volume of 250 ml and all the batch experiments were carried out at 35 8C. The inoculum was used in a concentration of 10 kg of volatile solid (VS) per m 3 and the relation between substrate and inoculum was 1 kg of VS of substrate per kg of VS of inoculum.
During the experiments, the pressure in the gas phase was measured with barometric sensors incorporated at the top of the reactors (see Figure 1) .
For the co-digestion experiments, WW and WAS were mixed in different ratios in the range WW:WAS from 0:100 to 100:0. These mixtures were performed to evaluate (1) Batch reactor; (2) barometric sensor; (3) gas and liquid sampling; (4) incubator; (5) data collector; (6) data analyser the influence of the addition of WW on the anaerobic stabilization of the WAS. The results of each experiment were evaluated by comparing the rate of methane production in the headspace of the reactors (750 ml). The criteria for judging the success of the co-digestion was COD reduction, total methane production and methane yield. Gas samples were taken to measure methane concentration during the experiments.
Model structure
A simplified methane production (MP) model of anaerobic digestion was used to obtain kinetic parameters. This model takes mainly two assumptions (Gómez-Quero, 2005): 1. The substrates contained were transformed directly into methane. 2. The biomass concentration was kept constant during the length of the anaerobic digestion experiment. The latter statement can be assumed by taking into account the very low growth rate of the anaerobic microorganisms involved in the anaerobic digestion process. Because of this low growth rate, the biomass growth during the experiments was negligible compared to the initial biomass concentration.
In this way, the mass balances applied to the anaerobic batch processes were:
where S, COD concentration of the mixture of substrates (kgCOD m 23 ); X, biomass con- ).
Analytical methods
Methane and carbon dioxide contents of the biogas were measured by gas chromatography using the methods described previously (Angelidaki et al., 1990) . Total solids (TS), COD, VS and pH were determined using Standard Methods (1998). Total nitrogen (Total-N), total phosphorus (Total-P) and dissolved nitrogen (ammonia) were also determined using Standard Methods (1998). The samples were analysed in duplicate.
Results and discussion
Waste characterisation
The characteristics of the two substrates (WW and WAS) fed to the batch reactors are showed in Table 1 . As Table 1 shows, winery wastewaters presented a disproportionate C/N/P ratio and a low pH that could be adjusted by mixing with another substrate, i.e. waste activated sludge. In this way, better conditions to the growth for methanogens could be reached. According to that, the characterisation of the wastes indicates that co-digestion of both WW and WAS was feasible.
Batch experiments
The anaerobic digestion process of WW and WAS alone and co-digested was applied in batch reactors. WW and WAS were mixed in different ratios from 0 to 100%. The COD reduction as well as the cumulative methane production was monitored during the length of the experiments. Figure 2 shows the percentage of COD removed at the end of the batch experiments.
From different experiments, it was demonstrated that the digestion of either WW or WAS isolated from each other, generated less methane and removed a lower amount of COD than the digestion of the mixed wastes. That means that co-digestion increased the anaerobic biodegradability, neutralizing the negative effects of some compounds belonging to both wastes or some intermediate reaction product generated during the digestion of them.
Regarding Figure 2 , when increasing the percentage of WW among different mixtures, the amount of COD removed, increased as well. However, when the percentage of WW reached values higher than 50%, the COD reduction began to decrease. By comparing the rate of COD reduction, the most suitable mixture for being anaerobically co-digested was 50:50 (WW:WAS). This value is not in accordance with the theoretical mass balance, which indicated that mixtures with a higher amount of WW than WAS should have been more efficient since those mixtures showed a C/N/P ratio closer to the optimum C/N/P ratio (Bermúdez et al., 1998) . This could be explained as not all fractions of C/N/P were bioavailable to the methanogenic bacteria.
The next step was to determine the kinetics parameters of the anaerobic treatment of the WW and WAS alone, and the WW mixed with WAS, by modelling the methane production during the anaerobic batch test with the MP model mentioned before. The simultaneous estimation of q DA and k max in each experiment involved assuming two initial values to obtain, by using Newton method, the theoretical methane production and COD reduction profiles in the anaerobic batch reactor. A minimal residual sum of squared errors, associated with the difference between these theoretical curves and the experimental results, have to be reached. The values of q DA and k max associated with that minimum constitute the best estimate of these parameters. More information about the fitting procedure can be found in De Lucas et al. (2005) . In Figure 3 , the average values obtained for q DA and k max parameters in each experiment are presented. Figure 3 shows that the maximum COD reduction rate (q DA ) and the maximum methane generation rate (k max ) increased as much as the amount of WW increased in the mixtures. However, when the percentage of WW reached 50% or more, the values of these parameters decreased. The maximum COD reduction rate and the maximum methane generation rate obtained were 16.50 kgCOD kgCOD 21 d 21 and 14.34 kgCOD kgCOD 21 d
21
, respectively, and they were reached when WW:WAS were mixed in ratios of 50:50. When the WW was co-digested with WAS up to 50%, maximum COD reduction rate increased approximately by 27% with regard to raw WW digestion.
Conclusions
The results presented in this paper indicate that the anaerobic digestion of winery wastewater can be enhanced by co-digestion with WAS, since both COD removal and total methane production in co-digestion were higher than from anaerobic digestion of raw wastes. The maximum biogas production is reached when WW and WAS were mixed in a proportion of 50:50 (WW:WAS) with a COD reduction up to 60%. When WW was digested alone the maximum COD reduction rate (q DA ) was 14.87 kgCOD kgCOD 21 d
21
and for the co-digestion of WW with WAS (50:50) was 16.50 kgCOD kgCOD 21 d
. This increase in q DA proved the benefit of co-digestion of both wastes.
The advantage of enhancing the performance of the anaerobic digestion of WAS, together with the low cost of using the WW, make its use as co-substrate very interesting. 
